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Abstract
There is a need for a program designed to more tightly integrate manufacturing, producibility, life cycle costs, and large scale
system integration concerns from the beginning of the aerospace design process. This paper presents the results of an analysis
performed in support of the development of a Collaborative Aerospace Lifecycle Systems Engineering Master s Program
(CALSEMP). The proposed CALSEMP addresses six focus areas identified by the NDIA including systems engineering trade
study and design decision methodologies; system integration, assembly, and test analyses modeling; enterprise level supply chain
design; electrical, mechanical, and assembly yield modeling; quantitative analyses; and life cycle cost modeling. The analysis was
performed at Georgia Tech using an integrated product and process design approach to systems engineering, with qualitative and 
quantitative tools, such as the house of quality, morphological matrix, Pugh and TOPSIS methods. We present the alternative
concepts studied and our proposed master s program, which will hopefully enable aerospace industries to compete on the global
aerospace market by providing them with tools that help them better integrate all these concerns throughout the product life
cycle.
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer review under responsibility of Georgia Institute of Technology
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1. Introduction
The initiative that has resulted in this paper started with the work done by the National Defense Industrial 
Association (NDIA) to help meet areas where it was felt that American Aerospace Industry was deficient most 
notably in designing vehicles that integrated manufacturing, producibility, life cycle cost concerns, and large-scale 
systems integration considerations from the very beginnings of the program [1,2]. To show how a lack of ability to 
manage the risks and improve performance/efficiency in these areas hurt the competitiveness of the industry, the 
following examples are given:
In 1996, the X-33 program was announced. The program goal was to test single-stage-to-orbit (SSTO) technologies.
The SSTO performance goals were partially to be achieved by use of composites. In 2001, the X- 33 was
cancelled, in part because of composite tank rupture during test, where there were some manufacturing issues
involved.
In 2004, the first launch customer for 7E7 (later 787) was announced. The delivery was planned to begin in 2008. The
787 was a non-traditional aircraft for Boeing, having greater global supply chain emphases and being the first
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mainly-composite airliner for the company. The first launch customer ended up receiving his first aircraft on 
September 25, 2011, four years behind schedule. The numerous delays, in part due to supply chain issues, have 
reduced the lead (and hence market share) that Boeing could have had over its rival Airbus. 
To better help industry overcome these type of issues, the NDIA undertook various activities, including an 18- 
month study by its Joint Committee for Systems Engineering and Manufacturing (JCSEM) Modeling and 
Simulation (M&S) sub-committee to address the needs discussed above. Its recommendations were multifold, but 
have been narrowed down to six focus areas that we tackle in this study [1]. 
 Systems engineering trade study and design decision methodologies 
 System integration, assembly, and test analyses modeling 
 Enterprise level supply chain design and analysis methods 
 Electrical, mechanical, and assembly yield modeling 
 Quantitative DFX analyses including complexity characterization 
 Life cycle cost modeling including uncertainty and risk impact 
CALSEMP is a solution proposed by the Aerospace Engineering Department of Georgia Tech as a way to meet 
the needs for American Aerospace Industry to stay competitive in an increasingly crowded global marketplace. 
CALSEMP is envisaged as partnership of industry, university and government and is an outgrowth of this Advanced 
Materials and Manufacturing Engineering Partnership (AMMEP) work [3]. The analysis work presented in this 
paper was performed by a team of Aerospace Engineering students with faculty guidance, including a full time 
graduate student, a full time undergraduate student, a part time graduate student with 5 years of industry and 
government experience at aerospace companies, a former Lieutenant in the US Navy with 12 years of experience in 
the aeronautics industry. The last two members are subject matter experts (SMEs) who merged their own and 
colleagues  experiences within the aerospace industry on how they see its past, current and future performance. This 
combined with the other students  career aspirations became a strong focus group for this study. 
 
2. Integrated Product and Process Development 
 
To develop a solution, a thorough methodology was used to couple systems and quality engineering methods and 
to provide a structured decision making process. This methodology was chosen due to familiarity since it was 
developed at Georgia Tech, called the Integrated Product and Process Development (IPPD) as shown in Fig. 1 [4]. 
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Fig. 1. Integrated Product and Process Development (Courtesy of Georgia Tech) [4] 
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2.1 Establishing the Need 
 
The first step of the IPPD is to establish the need, where the customer needs are gathered and understood for a 
problem definition. The performance issues discussed in the introduction might have already been addressed in the 
conceptual design phases, but issues in the manufacturing, producibility, life cycle costs (LCC), and large-scale 
systems integration still remain and the production phase is still suffering. According to the NDIA, there is a need 
for a path forward to develop a virtual  simulation based framework for manufacturing risk mitigation and 
efficiency optimization that has the potential to fundamentally transform the way complex aerospace and defense 
systems are designed and manufactured in the 21st century global marketplace  [1]. 
The continuance of American Aerospace Industry  competitive edge relative to the rest of world will depend 
upon completing projects on-time and on-budget, reducing overall costs, having more innovative designs, 
developing products quicker than others, and being able to do large-scale integration right the first time. This means 
American Aerospace manufacturers need tools that can integrate all the NDIA focus area concerns from the 
beginning of the development process. There is a need for a program that increases American Aerospace Industry s 
ability to integrate in manufacturing, advanced materials, and LCC concerns, from the beginning of the development 
cycle, as well as its ability to do large-scale integration [5]. M&S tools are needed to allow the above to happen, as 
well as to allow for virtual prototyping vice actual prototyping. These tools need to be used throughout the product 
lifecycle optimization of manufacturing and LCCs. 
 
2.2 Defining the Problem 
 
In this section, the desires of the customer, taken to be the larger American aerospace industry, were explored so 
as to better understand the requirements so that the need could be met. Management and planning tools were used to 
help develop a Quality Function Deployment (QFD). To help better understand design problems, various 
brainstorming tools as used by industry designers and decision makers were applicable and used to this project. 
Among the management and planning tools used were the affinity diagram, interrelationship diagraph, tree diagram, 
and prioritization matrix [6]. 
The Affinity Diagram is a management and planning tool used as a creative brainstorming tool to generate ideas 
on customer desires and then group common ideas together into larger groups, and helps both organize and 
breakdown the problem. In a group setting, ideas for what the customer wants are considered, and then common 
themes are identified as a way to further enhance understanding of the problem. The Affinity Diagram is thus, at its 
best, able to allow mergent  ideas to come fort that the group may not have thought of before. What emerged 
from exploration of the NDIA issues was that the industry wants to be able to compete, by cutting costs, having new 
tools, and enhancing its workforce and that for all these a new program would be needed. 
The Interrelationship Digraph is a graphical tool that takes the ideas from the Affinity Diagram and shows cause 
and effect relationships between them in order to appreciate the main drivers and effects of the system. The four 
categories identified in the Affinity Diagram were used and an oval was created for each idea and how each idea is 
related to another one. An arrow coming out of an oval means that the oval is driving  (generates line of cause), 
and an arrow coming into means the idea is an ffect  (receives a line of effect), and allows for a determination of 
the ideas that are important as far as requirements and the ideas that are important as far as expected results. After 
counting the arrows leading in and out of each oval, the main drivers were found to be create new DFM tools , 
reate DFM standards guidelines , quality of training , knowledge mastery , ntegrate systems engineering and 
manufacturing thought , and ntegrate manufacturing and design . Produce innovative research  was also a strong 
driver, but it was not highlighted due to having a slightly greater number of lines of effect than cause. The greatest 
effects were found to be retention of employees , higher responsibilities within projec , areer development , 
has enough interest to be sustainable  and ompetitive professionals . Optimize life cycle management process 
early on  and find necessary manufacturing changes before reaching the factory floor  were also strong effects 
worth mentioning, but were not highlighted due to a slightly greater number of lines of cause. 
The Tree Diagram also helps with understanding the problem in its early stage. It is a derivation of the affinity 
diagram. While the Affinity Diagram is a bottom up approach, the Tree Diagram is a top down approach, which 
decomposes the larger categories and provides more detail for each level. To maintain American economic 
competitiveness via a strong American Aerospace Industry, four things are needed Better, More Innovative 
Products , Cheaper, Less Costly Products , Large-scale System Integration , Better Workforce and that to 
achieve all of these things more and better M&S tools are needed.  This leads to the need for a new program to both 
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create these tools as well as train the aerospace design workforce to both better take manufacturing, producibility,
life cycle cost, and system integration concerns in from the beginning of the design phase as well as to use the new 
tools. We should note the box Startup be olitically aware /Doesn rock boats which reflected a feeling that any
new program would be best able to serve industry needs as quickly as possible if it tried to fit into pre-existing
programs/paradigms.
The Prioritization Matrix helps us to identify the importance of the requirements by ranking them against each
other. These requirements will then be part of the Quality Functional Deployment (QFD) as the whats . The QFD
is a way to map the voice of the customer to the engineering characteristics needed by a product. It is represented in 
a House of Quality, as shown in Fig. 2, which is an eye chart of the team resulted QFD highlighting its main
elements. The management and planning tools discussed earlier were used to populate the QFD.
Fig. 2. House of Quality showing the elements of a Quality Functional Deployment matrix
It became apparent that two types of engineering characteristics had to be met one relating to an educational
program that would train current and future aerospace workers on how to integrate manufacturing/producibility/life 
cycle costs/large-scale systems integration into all portions of the design process, and one relating to the creation of
the M&S tools that would allow industry to utilize them for this same concept. Three programs were chosen as
comparison the University of Washingto certificate program in composites and Master degree in Advanced
Materials, and Georgia Tech certificate program in composites. The critical takeaway of the QFD should be the 
importance of the M&S tools, the importance of training design engineers to integrating the various concerns from
the beginning of the design process, and the importance of industry and government funding to make it all happen.
The M&S tools were given the highest risk due to its ability to make the American aerospace industry more 
competitive, yet as it currently does not exist it cannot be guaranteed work until it is actually created and
implemented. the HOWs , Structure refers to the structure of the educational portion of the initiative;
Curricula refers to the actual academic portion, and M&S/Methods Creatio is hopefully self-evident. Due to 
the nature of the choices made for HOWs , very few of them are mutually exclusive (as seen by the top
doghouse of the QFD. The HATs came from the management and planning tools, and refer to the 
Programmatic side of the initiative, the systems engineering capabilities the initiative would hopefully bring SE
Capabilities , and the ability of the initiative to help industry be competitive Cut Costs . As previously mentioned, 
the greatest risk areas are in assuring funding and in creating the M&S tools needed, with creating the curriculum
able to integrate the ilities into design education being close behind.
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2.3 Establishing Value
Continuing with the IPPD process, after defining the problem, it is necessary to establish the value of the 
established concepts during the definition of the problem to meet the requirements [4]. This was done using an
Overall Evaluation Criterion (OEC). The OEC compares alternatives numerically against the baseline (represented
by BL in the equations below). The baseline taken for the CALSEMP project was the Georgia Tech Advanced
Systems Design Master Program. The OEC equation uses the CALSEMP structure benefits, curricula benefits, 
M&S tools, tuition, structure cost and research cost. Equations 2 through 4 show the how each benefit and cost were
calculated. The weighting values were taken from the prioritization matrix and the QFD. In order to determine if an
alternative was performing better than the baseline value, the OEC values for all alternatives were normalized by 
dividing with the baseline OEC value, as shown in Equation 1. The predicted benefits and costs were calculated 
using Equations 2-4 and plugged into Equation 1.
a(Structure Benefits)+f3(Curricula Benefits)+r( M&S Tools  )
OEC M&S ToolsBLo( Tuition )+E(Structure Cost)+1( Research Cost )
(1)
TuitionBL Research CostBL
Structure Benifits ( Startup Time
Startup TimeBL
Admission Standards
+
Admission StandardsBL
Outside Funding
+
Outside FundingBL
) (2)
Curricula Benifits =
( Academic Theory Emphasis  + Practical Applications + Design Projects
Integrate "ilities" with Design
+
Academic Theory EmphasisBL PracticalApplicationsBL Design ProjectsBL Integrate "ilities" with DesignBL
Structure Cost ( Program Size
Program SizeBL
Program Length
+
Program LengthBL
Outsourced Curricula
+
Outsourced CurriculaBL ) (4)
The weighting values obtained for benefits and costs are as shown in Table 1. Of note should be the high
weighting given to gamma ( ), the M&S tools benefit. This reflects the high importance of getting these tools to
industry.
Table 1. Overall Evaluation Criterion Benefits and Costs
2.4 Generating Feasible Alternatives
The next step of the IPPD process is to generate feasible alternative concepts that will meet the need. This was 
achieved with the use a morphological matrix for concept definition and selection. The morphological matrix is a 
way of breaking down a system into its essential components and spurring the creativity of the designers by helping 
them to logically think of possible concepts. In this case, the system was decomposed into two main elements
Education Program and M&S Tool creation and under each element functions necessary for the proper 
operation of the system delineated. Then, options for each function were determined. This matrix thus provided
ideas about possible combinations that would meet the customer requirements, and allowed exploring different
alternatives. Using SMEs judgment applied into the IPPD method and based on existent programs of study within
Georgia Tech [7], resulted in five alternative concepts for the CALSEMP project, Research Master Program, 
Professional Master Program, Commercial Company, GTRI , and Top Gun . Let us explore each of them.
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Option 1: Research Masters 
Concept: Research University both teaches students, including those moving on to Ph.D. candidate level, and 
develops M&S tools 
 Tools would be developed through lab at the school 
 Tools would be sent to industry either via lab product or collaboration with some other organization 
Emphases on: 
 Developing models through funded research from industry and government 
 Developing future professors and industry workers 
Pros: 
 Ability to spread paradigm via PhD. Graduates 
 Ability to get multiple funding sources 
Cons: 
 Less geared toward working professionals 
 Possibility M&S tools will need outside agency to field to industry 
 
Option 2: Professional Masters 
Concept: University both teaches students (geared towards working professionals) and develops M&S tools 
 Degree would be terminal or mainly focused on professionals, not those on Ph.D. track 
 Tools would be developed via faculty as able 
 Tools would be sent to industry either via lab product or collaboration with some other organization 
Emphases on: 
 Practical knowledge for industry 
 Developing industry workers 
Pros: 
 Ability to spread knowledge for immediate impact 
 Should be accessible to many 
Cons: 
 May not be able to develop tools as well/lack of funding 
 
Option 3: Commercial Company 
Concept: 
 Commercial Vendor develops tools (perhaps one at a time) and provides education on them via Continuing Ed, 
seminars, on-site training, etc. Think CATIA 
Emphases on: 
 Tool development 
 Helping industry workers understand and use them 
Pros: 
 Commercial vendors make outstanding M&S tools 
 Probably best option if M&S tool is only goal 
 Should be accessible to many 
Cons: 
 May not be able to develop all tools due to business models/finances 
 Probable inability to get funding from some sources due to private nature of firm 
 Background theory/knowledge/education may not reach industry in quantity 
 
Option 4: R  or Georgia Tech Research Institute 
Concept:  University-affiliated  research  lab  develops  tools  via  research  contract  and  also  puts  on  Continuing 
Education courses in field which can be combined for a certificate program 
Emphases on: 
 Tool development and Education on Concepts 
Pros: 
 Labs can make outstanding computer tools (e.g. FalconView ) 
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 Use of research engineers means continuous high levels of expertise 
 Theories should be accessible to many workers via continuing education courses 
 Able to get both industry and government funding 
Cons: 
 Limit to amount of knowledge mastery a student gets due to nature of Cont. Ed. 
 Does not propagate number able to develop tools beyond those developing 
 
Option 5: op Gu  
Concept: Same as in Option #4, except that a three-month intensive, hands-on, residential course is conducted, much 
like the military does with things like test pilot school, weapons schools, etc. 
Emphases on: 
 Tool development by lab and Education on Concepts and Practical Exercises in Course 
Pros: 
 Same as Option #4 
 Ability to really focus on labs, such as actually working in tool shops, laying composites by hand, etc. 
 Students would be able to focus on one topic at a time, master it, and then move on to next one. 
 Working professionals could master field in three months vice two years 
Cons: 
 Expense and need for workers to be away from home for three months 
 Might be had to get funding initially due to unproven  nature of concept 
 For student, might not be as portable in prestige as a Master s 
 
2.5 Evaluating Alternatives 
 
In order to determine which of the alternative CALSEMP programs would be most effective at fulfilling all of the 
stakeholders  requirements, an evaluation of alternatives was conducted.  This was done qualitatively using a series 
of Pugh Matrices against a determined baseline and quantitatively through Multi-attribute Decision Making 
(MADM) technique called TOPSIS (Technique for Ordered Preference by Similarity to Ideal Solution). The 
TOPSIS method used the OEC to evaluate each alternative against a calculated ideal solution. 
The Pugh evaluation matrix was used to compare the alternatives qualitatively against a datum or baseline. Three 
were conducted. One using the University of Washington Advanced Materials Program as the baseline; another one 
using the Georgia Tech Advanced Systems Engineering Certificate as its baseline (see Table 2), and a last one using 
the Georgia Tech Advanced Systems Engineering Master  Program [3,5,7]. Each Pugh matrix consists  of 
evaluation criteria on the left and alternatives on the top. The matrices use plus (+) signs, minus (-) signs and S 
(same/similar) as its assigned values. These values are subjective rankings made by SMEs that indicate whether an 
alternative is considered to be better than, worse than, or roughly the same as the baseline. After the rankings, each 
sign and S is added and a simple comparison is made. 
 
Table 2. Pugh Matrix showing the Georgia Tech Advanced Systems Engineering Certificate as the baseline against five alternative concepts 
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 Evaluation Criteria Option 1 Option 2 Option 3 Option 4 Option 5 Baseline 
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 Sum of Positives 10 10 8 8 8  
Sum of Negatives 3 2 3 2 3 
Sum of Sames 1 2 3 4 3 
 
The evaluation of the first and second Pugh matrices showed that first and second options, the research maste
and professional master  programs, respectively, are the best alternatives; while the third Pugh matrix showed the 
second and forth options, the professional master  and GTR  program, respectively, are the best, with the other 
options ranking very closely behind. For the first and second Pugh Matrix, the high scores of the two master
programs were considered to be due to the greater ability of these two programs to produce the necessary M&S tools 
that will help move manufacturing to the left in the system  engineering process, and the inability of the other 
alternatives to compete with the in-depth education offered by the Washington program. In the third Pugh matrix, 
the similarity of the results across the board is a result of all of these programs going beyond the current curriculum 
and research extent of the Georgia Tech Advanced Systems Engineering Master  Program, and reflects that the 
evaluation criteria in some respect reflect not weaknesses in the Georgia Tech program, but areas that industry 
would like further work done. The professional master  program performed slightly better because of its appeal to 
professional students while the GTR  option was favored due to its low time to fruition. 
 
2.6 Make Decision 
 
The final step of the IPPD method is to make a decision. The Pugh matrix is a nice and simple method that helps 
determining which alternatives are worth considering and sheds light to some drivers; however, it does not give a 
quantitative estimate of the best alternative. For that, a MADM method is a better option. TOPSIS is a method 
widely used for MADM problems. Similar to the Pugh matrix, it allows us to compare alternatives but is a more 
quantitative way for comparing a large number of alternatives, and also allows for rapid consideration of different 
scenarios (so as to best allow decision makers to consider different priority schemes they may have) [4,6]. It ranks 
alternatives based on their Euclidean distance from an ideal  positive and ideal  negative solution, impacted by 
weighted priority rankings for each of the selected evaluation criteria. 
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  S+  S-  C 
Research Masters 0.067 0.332 0.833 
Professional Masters 0.330 0.154 0.319 
Commercial Company 0.236 0.210 0.471 
"GTRI" 0.133 0.326 0.710 
"Top Gun" 0.092 0.337 0.786 
 
The ideal  solution begins with defining certain evaluation criteria as benefits  and others as osts . Then 
best  and worst  ideal solutions are obtained via combination, for all the alternatives, of the best and worst values 
for the benefit and cost categories, regardless of which alternative that value came from.  The positive ideal solution 
is the one that has the highest benefits, and lowest costs, with the worst ideal solution having the opposite. It is 
important to note that no alternative will actually have all the ideal  best and worst  values. The ranking process 
then proceeds by weighting the evaluation criteria and determining the distance that an alternative has from the ideal 
solution [6]. TOPSIS results are very sensitive to the weightings, a sensitivity analysis is underway and results will 
be presented in a future publication. For the CALSEMP program, the weightings were assigned based on the 
prioritization matrix and OEC, and Table 3 shows the weights and normalized values each alternative had for each 
criterion. The final results are shown in Table 4. S+  is the distance from the positive ideal solution, S-  the 
distance from the negative ideal, and  is the relative distance away from the worst solution, with 1.0 being ideal. 
The results show that the number one option is the Research Maste s, followed by the TopGun  and GTR
options. 
 
 
Table 3. TOPSIS Weights 
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EC1 EC2 EC3 EC4 EC5 EC6 
Structure Benefits Curricula Benefits M&S Tools Benefits Tuition Costs Structure Costs Research Emphasis Costs 
A1 Research Masters 0.647 0.595 0.602 0.187 0.335 0.381 
A2 Professional Masters 0.228 0.455 0.301 0.233 0.383 0.762 
A3 Commercial Company 0.266 0.315 0.414 0.700 0.718 0.381 
A4 "GTRI" 0.418 0.315 0.414 0.560 0.335 0.254 
A5 "Top Gun" 0.533 0.490 0.452 0.327 0.335 0.254 
Weights 0.201 0.231 0.567 0.026 0.449 0.525 
 
 
Table 4. TOPSIS Results 
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3. Results and Conclusions 
 
The development of CALSEMP is an outgrowth of the current need for improvements in the aerospace industry 
starting with the grass roots, education. Systems Engineering methods were utilized in the decision making process 
for this innovative yet long required program. The concepts and analyses presented in the paper shows the need for 
M&S tools as the main driver for selecting the Research Master  program as the preferred option.  It was surprising 
to find out that the Professional Master  program came out on top twice from the Pugh analysis, but it was the last 
one when run through TOPSIS. Weighting of the M&S tools benefits (56.7%) was the reason. This is a good 
example of how more quantitative analysis tools can help explore issues compared to pure qualitative analyses; 
however, it should be kept in mind that in the end all decision making is a subjective exercise. This Research 
Master  program will hopefully better enable American industry to compete on the global aerospace market by 
providing it with tools that help them to better integrate all these concerns throughout the life cycle.  The program 
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will allow design engineers to better understand the principles behind the tools and be able to intuitively understand 
the drivers behind greater efficiencies in manufacturing/producibility/LCC/large-scale systems integration. 
Furthermore, it will provide an avenue for future research to make even greater improvements possible in the future. 
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